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By Douglas P. Walstrom

SUMMARY

Straln-gage measurements were made on the crankshaft of a
Wright R-1820-73 test engine while under power. Bakelite-bonded
wire strain geges were lnstalled on the front half of the crark-
shaft and the ocomnecting wires were brought out through the oil
passages and connected to slip rings at the rear of the englne.

Bending and tensile-compressive stralrs at various sectlons
in. the web were measured by pairs of straln gages and strains at
several points cr the fronl half of the crankshaft were measured
by single straln gages. Peak stresses were determined from oscil-
lograph records and the harmornic components of stress were deter-
rired by a wave anmlyzer.

Strains were measured with the engine being driven bty the
dynamcmeter at a rarge of speeds and elso with the engine operating
under pcwer at a renge of speeds and powers. A harmonic analysis
of the gas pressures in the cylinder was made at constant speed
and 3 range of powers.

Results showed that the inertia-excited stresses varied almost
dlrectly with speed and that the stresses caused by gas-pressure
forces varled with the indicated mean effective pressure, When the
engine operated under severe knock, observations showed no change in
crarkshaft stresses. No direct relation was found between stresses
in the crankshaft and the torsional-vibration amplitudes as deter-
mined by a torsiograph instelled at the rear of the crankshaft.
Strain-gage measurements on an aircraft-engine crankshaft in flight
or in an englne-propeller test stand are believed to be practlcable.



2 NACA ARR No, ESBOl

INTRODUCTION

The determination of operating stresses in an aircraft-engine
crenkshaft under power would be of value in crankshaft development
because 1t would supplement theoretlcal calculations and laboratory
teats. Bakelits-bonded strain gages applied to the acceasible parts
of the operating crankshaft, with connecting wlres brought out through
the oll passages, make possible the followlng:

1. Measurement of actual peak stresses

2. Separation of stresses into bending, torsional, and tensile
strosses

3. Analysls of the forces applied to the crankshaft

Curtis (reference 1) asplied strain gages to the crankshaft of a
stationary Diesl engine. As the result of strain measurements in
the crankweb, Lo was able to explain a series of breakages and to
show that installation of torsional-vibration dampers reduced the
strains to a safe value.

The tests reported herein give the results of strain-gage meas~
urements made at the NACA Cleveland laboratory during the summer of
1944 on the crankshaft of a Wright R-1820-73 (C9GC) test englne over
a racge of operating conditions. The technique of strain-gage meas=~
urement and the accesscry spparatus used is described. Data are
given on bending and tiunsile-compressive stresses at various sections
of the web and on stresses at several points on the front half of the
crankghef't. Alternating strosses only wers measured.

The btwo types of excitving force, inertia and gas prossure, were
separatuly analyzed. Stresses caused by inertla forces were deter-
mined hy driving the engline with the dynamometer and the gas-pressure
forces were qualitavively determined with & pressure indlcator. The
sngine was cpuratcd under power (the condition where both inertia and
gas-pressurs forces are present) at a range of speeds and manifold
pressuros end the strevssss were measurod. In order to determlne
whethsr kncck produced any stresses in the orenkshaft, the engine
was opsrated under ssvorse knock. Torsional-vibraticn measurements
wers made to supplement ths stress moasurements.

APPLRATUS

Tests were conducted on a Wright R-1820-73 engine converted
for test purposes. Cylinder 1 was operated under power; cylin-
ders 4 and 7 were operated without firing for balance with pistons,
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connecting rods, and valves in place but wlthout push rods. The
other cylinders were removed. The propeller reduction gears were
replaced with a‘direct comnection and the pendulum dempers were

replaced with rigldly attached counterwelghts. The supercharger
impeller and gearing were removed. Auxlllary equipment used for
controlling and measuring engine conditlons 1s shown in figure 1.

Thirteen strain gages were lnstalled on the front half of the
crankshaft and connecting wires were brought out of the engine as
shown in figure 2. The wires, No. 32 enameled double cotton oovered,
were attached to the surface of the crankshaft with Bakellte cement,
BC-6035, up to where they passed through an oiltight neoprene packing
into the drilled oll passege. The wires were twilsted together and
covered with a flexible bralded-glass sleeving. A hollow extension
shaft was attached to the starter-shaft coupling. The shaft oon~
tained a second neoprene oil seal that allowed the wires to pass
through to where they were connected to the sllp rings. At the dis-
assembly of the englne after 300 hours' operation, this installation
of connecting wires and oll seals was found to be in good condition.

The slip-ring device (ordinarily called a "pineapple"), which
was abttached to the extension shaft, conslsted of a set of 12 monel
slip rings mounted on a spindle rotating with the shaft and a sta-
tionary outer case supported by bearings to allow relative rotation.
This outer case supported the silver-graphite brushes, 1/8 inch in
diameter, which were held against the sllp rings by small helical
springs. Two brushes, 180° apart, were used for each ring. A
timing device contained in the pineapple generated a sharp electri-
cal impulse at each revolution of the shaft. A view of the plneapple
installed on the englne is shown in Ffigure 3.

Indjvidually shielded wires connected the pineapple to a ter-
minal box containing load resistors, swltches, and termlnals. Con-
nections could be made from this terminal box to the wave analyzer,
the cathode-ray oscilloscope, or to the 1l2-channel amplifier and
recording oscillograph. Provision was made for applylng e callbra-
ting voltage of known magnitude to each chamnel of the amplifier.

A magnetostriction-type pressure indicator was installed in a
tapped hole in the cylinder and connected to the terminal box,

STRATN-MEASUREMENT TECHNIQUE
Construction and Application of Straln Gages

Straln gages suitable for alrcraft-engine application must be
reslistant to high temperature and engine oil. A bakelite-bonded
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resistance-type electric straln gage fulfilling these requirements
has becn devecloped by the NACA. (Ses reference 2.) This type of
strain gage cen be uswd at temperatures up to 500° F, 1s unaffected
by engine cil, and is rugged and durable. Some of the strain gages
used in this investigation were made by the NACA, using Advance wiro.
The other geges were bakelite-bonded strain gages coumerclally man-
factured, usirg Ilso-Elastioc wire. (See table in fig. 4.)

The strain gages were attached with Bakolite cement, BC-6035,
end the entire assserbly was bsked in en oven. The connectlng wires
were attached to tho crankshaft wlth Bakelite cem.nt at the same
time.

Gage Constant

When a resistance-type strain gaege 1s cemented to a test obdjJect,
tho component of strain in the test material in the dlrection of the
gage axls produces a change in the eluctrical resistanco of the
Jtrain gage. This ch=ng2 in resistanco hes teon fcund to be a lincar
functicn of the strain within the elastic limit of tho tust material.
Ths ratio of unit change in straln-gagu reslstance to unit strain in
the member is defined as the gage constant and may bo exprossed as

B _xxe (1)
where
AR change in strain-gagc r--sistance, ohms
R rzsistance of strain gage, chms
k gage constant
€ strain in material at surface, inchus per inch
The value of k dopends upon the material used for the gzage-
resistance wire,
Rasgic Strain-Gage Circuit for Single Strain Gage
The basic circuit for measuroments with 4 slngle strain gage

is shown in figure 5(.). The strain gage is Rg; Ry ls a load
resistor that 1s approximetely equal to RG' Under the conditions

of zero strain, the voltage drop o wucross the strain gago is

R
= —8
° = I Rs + Ry
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vhere
"By ‘battéry voltége L e

Under straln the gage resistance clanges by an amount AR and
the voltaege across the strain gage becames

R
. 'QIH%RB-:RAR
g + + Ry

In the measurement of vibratory strains, this oircuit is coupled
to the amplifying or measuring circult with a eondenser that blocks
off the direct component of battery voltage. The alternating compo-
nent of battery voltage across the gage is

E = @' - ©

ac
= Ep o S .
Bg + AR + By Ry + Ry

ARXRd
2 2
Rg® + Bg“ + ZRgRy + AR(Ry + Rg)

where

an alternating component of battery voltage, peak volts

Inasmuch as AR in practice is very small compared with R8

and Ry, the last term in the denominator may be dropped with neg-
ligible error. When 1t is assumed that Ry = a X Rg, the result is

EgAR a

E_ = —_—
ac ~ "Ry ><(1+¢a)2

Substituting from equation (1) and rear.re.nging

T 2
strain = E_:; x : a) (2)

In the case where Ry = Rg, then a = 1 and the expression
becomes . )

gtrain = %% ' (3)
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The stress (1b/sq ir.) is found by substituting the proper
value of modulus of elasticity E (lb/sq in.) for the test material,

4E Eg

Egk

(¢4)

stress =

Measuresment of Bending Strelns

For the measursment of bending streins, a pair of similar
gtrain geges 1s appllied to the test membsr back to back as shown in
figure 5(d) and cornected as shown in figure 5(t). No load resistor
is required. When a tending lced 1s applied to the test membter, the
top straln gage 1s 1n tension and increases in resistance, whereas
the bottom strain gage 1s in compression and decreases in resistanca,
If ancther load, such as a tensile lcad, 1s appllied 1n addition to
the bending, sach straln gage will increase 1n resisztance an equal
emcunt with a cancelation of effect. The circult 1s therefore sen-
sitlive only to btendlng streins. When the same kind of derivation is
used fcr this circult as 1s used for the single astrein gage, the
expresslon for bending strain can be shown to be

2E
strain = —2& (5)
EBk

It should be noted that the sensitivity obtained 1s twlce that
of ths single strain-gege case cf eguation (3); that is, with equal
battory voltage, gege constent, and strain, twice the output voltage
is produced.

Measuremsnt of Tensile-Ccmpressive Stralns

For the mesasuremert of tensile-compressive strains, a palr of
simllar strain gages is applied to the test member back to back as
shown in figure S5(e) and connected as in figure 5(c). The load
resistor Ry 1s usuelly made equal to the sum of the two strain
gages Rgl and Rgz. When a pure tensile or ccmpressive load is

applied to the test member, each strain gage equally increases cr
dacreases 1o resistance. If an additicnal loed, sush as a bending
load, is applied to the tast member, cne strain gage willl increase
in resistance and the other will decrease in resistance by the same
amount, with a canceleticn of effect. The arrangement therefore

is sensltive only to tonsile-compressive strains, If Rgl and

Rg, are similar and if it 1s assumed thst Ry = a(Rg + Rg%), the
exprossisn for strain can be shown to bs
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2
1+
e e - strain = Eﬁgégiz-il— ()
and . when (381 + Rgé) = Ry, the expression 1is
strain = EE%Q (7)

The sensitivity of thls ocombination is the seme as for a single
gtrain gage.

Forces and Moments on Crankshaeft

The ftrce exerted on the crankpin may be resolved into four
ccmponents in the crenkweb as shown in figures 6(b) to 6(e). The
reaction of the ccunterwesights produces additional fcrces. Palrs of
strain gages were located to measure aseparately stralns resulting
from components (b) and (4) of figure 6, as skown by figure 7. Com-
pcnects (c) ard (e) of fizura 6 can also be measured by strain giges
if deslired. fage 11 was epplied to measure strains 1n the fiilet
erd gage 12 was applied to measure strelns in the cheok near ths
counterweight, The combined circuit for all the strain gages 1is
shown 1n figure 4.

Determination of Streases

The use of a l2-channel amplifier and recordlng oscillograph
makes possible the recording of several strain records, a cylinder-
pressure record, and a timing trace. These simultaneous records
facilitate the interpretation of forces. The 12 amplifiers operate
at constent amplification and each includes an input attenuator
that can be set to give a known ratio between input voltage to the
attenuatcr and the voltage applied to the amplifier.

In order to callbrate the system, an alternating voltage of
known amount is applied to the input of all channels at a certain
attenuator setting and an oscillograph record is made. Records of
the strain signals under test conditions are then mede, the atten-
nator sstting being carefully noted. Inasmuth as the height of
trace produced by the known voltage at e known attenuation and the
height of trace of the unknown strain signal at a kmown attenuation
1s established, the alternating strain voltage E,, ocan be deter-

mined. When alternating strain voltage, strain-gage comstant,
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battery voltage, and modulue of elastlcity are substlituted 1n the
proper formula, the stress 1s obtalmed. An accuracy of 15 percent
in the determination of streas is believed possible.

The wave anilyzer was used to snalyze the harmonic components
of the ccmplex-wave form of the strain signels and gave the value
of Eg, for each ocomponent in rms volts.

Slip-Ring Interference

A serious factor in wire-straim-gage measurements on rotating
members 1s the veriatlon of resistamce caused by slip rings in the
circult 1n series with the strain gage. If the stralns are small,
this veriation appearing as an IR drop might be of the same order
as the strain-gege signal and will ecause error in the measurements,
It is possible, however, to obtaln satlsfactory results 1f brushes
and slip rings are overating correetly. The data 1n thls report
wore taken using the serles type of circult shown in figure 4.

Same of the measurements were repeated with the strain gages
connsctad in a Wheatstone bridge arrangement. The results were in
egreement and it was found that the bridge conneotion pracstiocally
elimineted the slip-ring interference. TFigure 5(f) shows the basic
bridge circuit of a palr of gages apd figure S5(g) shows a combina-
tion of ecircults on a roteting memter. The olrouits are supplied
by & common battery. Resistors R,, R;, and Ry eare mounted on

the rotating shaft. The condensers serve to bypass the high-
frequency components of the interference. The added complloations
of the bridge clrouit are a disadvamtage.

TEST PROCEDURE

In the tests reported herein, inertia forces were determined
by driving the engine with thse dynamometer at a range of speeds,
making oscillograph records, and teking wave-analyzer readings at
soveral points., Peak stressea were determined from oscillograph
records as previously described and the harmonic components of
struss (expressed as multiples of crankshaft speed) were calculated
from wave-anslyzer data.

In order to determine the exciting forces caused by gas pres-
sure, the pressure-lindicator output wes analyzed@ for the various
harmonic compogents of cylindsr pressure with the engime under
power.
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8trains produced by the comblnation of lnertls and gas-pressure
forces. ware determined with the englne operating at comstant power
(imep, 227 lb/aq in.) and a renge of speeds. Osclllograph and wave-
analyzer data were taken of the strain signalas.

The engine was than operated at constant speed and a range of
menlifold pressures. The variatlon of the harmonic components of
cylinder pressure with manifold pressure was determined by wave
analysls of the pressure-indicator output and the variation in
crankshaft stresses were determined by oscillograph and wave-
analyzexr data.

The englne was operated under severe knocking conditions at an
engine speed of 2400 rpm to lnvestigate the possible effect of Ikmock
on crankshaft stresses. The straln-gage signals were carefully
observed, one at a time, on a cathode-ray osoilloscope soreen and
osclllograph records were made for further study.

A torsiograph was installed on the reoar extension shaft in
place of the pineapple and osclllograph and wave-analyzer dzta were
teken at normal rated power (imep, 227 1b/sq in.) over a range of
speeds.

All tests were cond'icted under the frollow.ng emngine conditlons:

0il-in temperaturse, S R . « 160
Temperature of rear spark-plug bushing (maximum), °F . . . . . 450
Combustion-air temperature (except for kmock test), °F . . .. 95
Fuel-alr ratio . &+ « o & ¢« ¢ o « &« « o o o o 5 s « = o« » » » 0.095

The fuel used was 100 octane.

RESULTS AND DISCUSSION

Typical oscillograph records taken during the various tests are
shown in figures 8 to 13. The records have been retraced by hand in
the reproductlion process.

Some representative curves showing the bending stresses caused
by inertia forces are shown in figure 14. An arbitrary straight line
hasa been drawn through the peak-streas points to represent thelr
increase with speed. It can be noted thet a large third-order astress
is present. Other harmonics were found in addition to those plotted.
A value of E = 30 x 106 pounds per square inch was assumed in the
stress calculations. Two typical oscillograph records taken with
the engine being motored are shown in figures 8 and 9.
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Results of the harmonic analysis of gas pressure in the cyl-
indor are plotted in figure 15. It can be seen that there is a
harmonic component of ges pressure at each order and half order,

successively decreasing in amplitude., Half orders higher than 3k
wore not determined. Orders and helf ordars higher than 9 were
found but wsre too small for dependabls measurcement. The same
reosults were obtained at different speeds. This figure is similar
to thet given by Lirunbaum (reference 3). The dashad lines show
componunts of cylinder pressures while the engine was being motored;
the linertla forces thersfcre include the forces caused by the
pumpirg action. The actual cylinder pressures were not determined.

With the engine operating under power, the alternating strains
rasult frcm the combined inertlia and gas-pressure fcrces. Curves
of the peak stress end of the important harmonic compcnents are
plotted in figures 16 and 17 for bending and tenslle-ccmpressive
stresses, raspoetively. A ccmparison of figure 16 with figure 14
shows that the half- and first-order harmonics have increased in
magnitude but that tho third-order harmecnic has decreased somswhat.
This decrcase jjey be explained by the fact that the gas-pressure-
exslted third-order ccmponent apparsntly acts in phase oppositlon to
the largsr inertin-exclted third order. It can be noted from fig-
ure 17 that the third-order harmonic of tensile-compressive stress
1s the largest of ths harmonics. From figures 16 and 17 it can be
ncted that the inertia-excited stressos form a large part of the
totel stresses, The large third-ordsr component is undoubtedly
charasteristic of the three-cylinder test engine and wculd not be
expecied in the regrlar nine-cylinder sngine.

Figurzs 10, 11, snd 12 show oscillograph records of strain
signals tokon while the engine was under power. It can be ssen
that the peak stressses incrsase wlth both speed and manifold
pressure.

A samultancous record of gssveral strain signals 1s presented
in figure 18. A careful study and comparison of the various traccs
reveals informatinn on the nature of the forces applied to the
crankshaft, such as:

1. The peak in the bending stress from straln gagos 2 and 3
coincides with the meximum cylinder pressure.

2. The tensile-ccmpressive stresses from strain gages 4 and 5
resemble those from strain gages € and 7 but are opposgite in directicn.
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3. Stresses of eppreclable magnitude are shown by strain
gege 12 located near cnme of the counterwelghts. In the regular
engline with -the pendulum dempers, information oh the forces exerted
on the crankshaft by the dampers may he gained by similer strain
measurements near the damper holes.

Strain geges 8 and 9 ani strain gage 11 produced signals too amall
for dependeble messurement and were disconnected.

A plot of relative pressures agalnst mean effective pressure
(fig. 19) indicates that each harmonic compoment of the cylinder
pressure increases wlith manifold pressure. These results are
simllar to those shown in reference 4, The increase in gas-pressure
sxcltlng forces results in increased bending end tensile-compressivs
stresses as shown in figure 20. The exception hers again is the
strong, lnertia-excited third order.

Carsaful obgervation failed to show any effect of kgock 1n the
strein-gage signals msven under severe knccking conditicgs. This
cbservaticn is in agreemert witk the theoretical analysis of Gelger
(referencs 5).

Curves of the peak torsional-vitration amplitudes gnd of the
main harmcnic compunents ars shewn in figure 21 and a typicel
oscilllograph record is zhcwn in figurs 13. Tho hump in tho first-
order harmonic irn figure Z1 at an cngins speed of 2100 rpm lo
belioved to be cauded by a1 rwsinance in the crunkshaft-flywheul-
dynamnmeter system cof the test ungine. A compariszon cof the
torsionel-vitration amplitudes with the stresses shown in figures 16
and 17 shows no direct relation. Tho first-ordor peak :s not preosent
in the stress curves and the prcminent third-order stress 1s not
apparent in the torsional vibrations.

SUMMARY OF RESULTS

From an investigatlion of the measurement of operating stresses
in an aircraft-engine crankshaft under power, the following results
wera obtalned:

l. Tnertis-excited bending and tensile-compressive stresses
increase almost direcctly with speed.

2. A large inertia-excited third-order stress was found in
both the bending and tensile-compressive cases. This excitation
is a characteristic of the three-cylinder test enginc.
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3. Harmonics of cylinder gas pressurs of appreciable magnitude
were found for each order and half order up to 9.

4, The pzak in the bending stress iIn the web colncldes with
the meximum cylinder pressursa.

5. Each harmonic of cylinder gas pressure was fbund to increase
almost directly with manifold pressure. The measursd stresses
increased in simlliar fashlion.

6. No effect of knock on the crankshaft strcsses was noted.

7. The torslional-vibration emplitudes at the rear of the engine
were not dlrectly related to the stresses in ths crankshaft.

CONCLUDING REMAERKS

1. The results presented demonstrate the practicability of
meking direct strein measurements on a crankshaft under operating
conditlons.

2. Strain measurements on an engine crarnkshaft, either in
flight or in e prcpeller test stand, may be mede., The applicaticn
of straln gages requirea only minor alterations and the mounting of
the pinsapple in place of the sterter is not a serious problam.
Anplifying ard recrrding instruments for flight use are avallable,

3. Mcat of the radiel sircraft enginea now in use have a hollow
shaft coupled to the crankshaft accessitle at the rear of the englne
and are well suited tc a strain-gage installatlion. Such an instal-
laticn oz an in-llne engine would be more difficult.

bircraft Engine Rssearch Laboratory,
Nationel Adviscry Committoe for Aeronautics,
Clevzland, Okio.
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10 Single 392 2.00 Advaonce 1/2
11 Single 210 2.00 Advance 1/4
12 Single 400 Z.00 Aduance 1/2
13 Single 210 2.00 Aduance 1/4
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Figure 4. - Combined circuit for al{ strain gages.
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NACA ARR No. ES5BO! ' ' Fig. &

Pressure indicator
in cylinder-
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} o
| s o
Rotating portion
of circuit
50 volts
Timer in
pineapple
Gaoge Functlion Resistance | Strain gage | Stroin gage| Strain gage
{ohms) constant, K wire length (in.)
1| Single 425 2.00 Advance 1/2
2 and 3 Bending 498 3.43 Iso-Elastic 1/4
4 aoand 5 | Tensile-compressive 505 3.43 Iso-Elostic 1/4
6 and 7 | Tensile-compressive 503 3.43 iso-£Elastic 1/4
8 and 9 | Tensile-compressive 408 2. 00 Aduance 1/2
10 Single 382 2.00 Advance 172
11 Single 210 2.00 Aduance 1/4
12 Single 400 .00 Advonce 1/2
13 Single 210 2.00 Aduance 1/4
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Figure 4. - Combined circuit for all strain gages.
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(a) Basic circuit for
single strain
gage.

(d) Pair of strain
gages applied

for bending
measurements.
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@'—-— Eqc (tensile-compressive)
!

(g) Combination of bridge circuits on rotating
member.

Figure 5. - Strain gage applications.
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NACA ARR No. E5BOI - Fig. 6

(a) Three-cylinder test engine.

B

(b) Bending moment nor- (c) Bending moment in
mal to web. plane of web.
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(d) Tensile-compressive ' (e) Twisting moment on
force on web. web. '

Figufe 6. - Forces and moments on crankshaft.
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Figure 7. - Location of strain gages on cranmkshaft.

[
N

NAT IONAL ADV ISORY
COMMITTEE FOR AERONAUTICS

10863 °ON ¥¥V VOVN

L *614



NACA ARR No. E5B01

Figs. 8,9,10,11,12,13

Time e

\/‘\f'\\/\/‘v’\_ﬁ_?\jw

One fop deod
revolfution center

(o) 4, 200 10/dq in.
(b) 8,200 16/5q 1n. -

() 13,000 Ib/sq 1n.

7ing —

(o) 5,900 16/5q ifum

One " Top qead
revolution center

Figure 8. - Record taken with engine
being motored. Engine speed,
2300 rpm; (a) gages 2 and 3, bend-
ing; (b) gages 4 and 5, tensile-
compressive.

Figure 9. - Record taken with engine
being motored. Engine speed,
2700 rpm; (a) gages 2 and 3, bend-
ing:; (b) gages 4 and 5, tensile-

- compressive.

Pressure———7
f Time —tee—

—/ ]
(o) 6,500 Ib/sq in.

(v) —— 10,000 16/sq in.

L ST NN AN AN

& Top deod

revolution center ’

hd

Pressure
Time — ;I

(o) —3, 600 lb/sq in.
(b) —— 14,300 ib/sq in.

'\-\_/J W —~ /\/\
Top dead One
centgr revolution

Figure 10. - Record taken with engine
under power.
monifold pressure, 30 inches mercury
absolute; (a) gages 2 and 3, bend-

ing; (b) gages 4 and 5, tensile-com-

pressive.

Engine speed, 2300 rpm;

Figure 11. - Record taken with engine
under power. Engine speed, 2300 rpm;
manifold pressure, 49 inches mercury
absolute; (a) gages 2 and 3, bend-
ing; (b) gages 4 and 5, tensile-com-
pressive. )

Pressure
) 11,000 16/5q ‘in.

AMWANAMANS

On _ . Top dead__J
revolution center

Twa revoiutions

<

Figure 12. - Record taken with engine
under power.
manifold pressure, 40 inches mercury
absolute; (a) gages 2 and 3, bend-
ing; (b) gages 4 and 5, tensile-
compressive.

Engine speed, 2700 rpm;

Figure 13. - Record of torsional
vibrations taken with engine under
power. Engine speed, 2300 rpm;
manifold pressure, 40 inches mercury

absolute.: NAT 1ONAL ADV ISORY

COMMITTEE FOR AERONAUTICS
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Pressure in cylinder, relative units
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Figure 15.- Harmonlc components of gas pressure in cylinder as measured by pressure
indicator. Englne speed, 2300 rpm. . ‘
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NACA ARR No. ES5BOI . Fig. 16
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Flgure 16.- Bending stresses with engine under power.
Nanifold pressure, 40 inches mercury absolute; gages
2 and 3. ) ’
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Stress (peak double amplitude), 1b/sq in.

E5BOI Fig. 17.
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Figure 17.- Tensile-compressive stresses with engine being

motored and under power.
mercury absolute; gages 4 and 5.

Manifold pressurs, 40 inches
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Fig. 18

Cyl inder
pressure

Goge 1
(single)

Gages 2 and 3
{bending)

Gages 4 and §
{tensile~
compressivel

Gages 6 and 7
(tensile~
compressive)

Ko signal

Gage 10
(singlel

No slgnal

Gage 12
(single)

- Simulraneous record of several strain signals.

Engine speed, 2400 rpm; manifold pressure,
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NACA ARR No. E5BOI Fig. 19

Pressure in cylinder, relative units
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Flgure 20.- Variation of stresses with manifold pressure.
‘Engine speed, 2300 rpm; fuel-air ratio, 0.095.
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Torsional vibration, * degrees
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Figure 21.- Varlation of torsional vibration with speed as measured

with a torsiograph installed at the rear end of the crankshaft.

Manifold pressure, 40 inches mercury absolute.
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